We report that common gases (such as He, Ar, H 2 , O 2 , N 2 , CO) experience adsorption at oxidized silicon surfaces at 300 K via electrostatic coupling. This is deduced using contact potential measurements of the work function for gas pressure in the range 10 23 , P , 10 2 Torr. The adsorption can be enhanced through surface charging via internal photoemission of electrons leading to mutual electron-gas transient trapping. A simple electrostatic model based on monopole-dipole coupling results in an isotherm in agreement with the data. [S0031-9007(98) PACS numbers: 68.45. Da, 79.60.Dp, 82.30.Fi, 82.65.Pa Surface electronic states are crucial in determining the characteristics of one of the most important technological systems, Si͞SiO 2 . Not only do electrons assist oxide growth [1] but they also have a profound effect on MOS (metal-oxide-semiconductor) technology. Knowledge of the SiO 2 surface is rather limited in comparison to the much studied surfaces of single crystal metals, semiconductors, and crystalline oxides [2] . SiO 2 is an amorphous material, the structure of which depends to some extent on growth conditions. The major interest in the properties of such surfaces corresponds to conditions in which the ambient gas pressure is close to atmospheric. Here we demonstrate that a wide variety of gases, including rare gases, have a "universal" adsorption mechanism involving purely electrostatic forces resulting also in a universal photoinduced gas-assisted charging of the surface. The key experimental results can be explained by a model in which an electrostatic field generated by the presence of naturally occurring as well as photoinduced negative charge on the surface polarizes the adsorbed gas particles leading to binding energies in the range of a few hundred meV.
Surface electronic states are crucial in determining the characteristics of one of the most important technological systems, Si͞SiO 2 . Not only do electrons assist oxide growth [1] but they also have a profound effect on MOS (metal-oxide-semiconductor) technology. Knowledge of the SiO 2 surface is rather limited in comparison to the much studied surfaces of single crystal metals, semiconductors, and crystalline oxides [2] . SiO 2 is an amorphous material, the structure of which depends to some extent on growth conditions. The major interest in the properties of such surfaces corresponds to conditions in which the ambient gas pressure is close to atmospheric. Here we demonstrate that a wide variety of gases, including rare gases, have a "universal" adsorption mechanism involving purely electrostatic forces resulting also in a universal photoinduced gas-assisted charging of the surface. The key experimental results can be explained by a model in which an electrostatic field generated by the presence of naturally occurring as well as photoinduced negative charge on the surface polarizes the adsorbed gas particles leading to binding energies in the range of a few hundred meV.
From electric-field-induced second harmonic generation [3] measurements, it has previously been demonstrated that, for thin (1-10 nm) oxide Si͞SiO 2 systems, surface charging can occur in the presence of ambient O 2 . Since other gases produced much less gas-assisted surface charging over a 10 22 760 Torr pressure range, oxygen was presumed to be unique and a possible mechanism of electron attraction via a "harpooning" reaction [4] , possibly to form O 2 2 on the surface [5] was proposed. Using contact potential difference (CPD) and multiphoton-photoemission techniques, we now show that a variety of gases (He, Ar, H 2 , N 2 , O 2 , and CO) can be adsorbed nondissociatively on the oxide surface at room temperature and close to atmospheric pressure. We also demonstrate that such adsorption also assists transient charge trapping on the surface. Oxygen adsorption is special in that accumulation effects can occur as O 2 2 forms at a later stage [3, 5] . The other gases give rise to transient behavior as dictated by adsorption, effectively serving as catalysts for trapping.
The sample used was a polished, optically smooth ntype Si(001) wafer (resistivity 20 100 V cm), having a surface area of ϳ2 mm 3 12 mm and thickness 0.3 mm. It was covered with a native oxide film grown in steam at 850 K. The thickness of the oxide film determined by ellipsometry [6] was 1.6 nm. The sample was mounted in a vacuum chamber and heated to ϳ900 K for a few minutes to remove any contaminants and then allowed to cool to 300 K. Ultrahigh purity ($99.999%) gases (passed through a liquid N 2 trap) were introduced at pressures between 10 24 and 10 2 Torr. The adsorption of gases was investigated by measuring work function changes, DF, using a Kelvin probe (KP) (the CPD method [7] ).
Additional surface electrons on the oxide were generated using a 250 kHz, 150 fs amplified Ti:sapphire laser operating at 800 nm (1.55 eV). For peak optical irradiance up to 30 GW͞cm 2 internal photoemission (IPE) via multiphoton absorption in Si generates electrons of sufficient energy to reach the surface via the oxide conduction band [3] . Higher order multiphoton processes yield external photoemission and permit measurements of DF via the photoemission current (PEC) [8] . The PEC was measured by a picoammeter connected between the sample and ground, thus measuring the (positive) compensation current to that of the photoemitted electrons. Sample steadystate and peak temperature changes are estimated to be ,5 and ,50 K, respectively. Figure 1 shows the change in work function for the different gases as a function of pressure. All DF were reversible as a function of pressure. The pressure (P) dependence is of the form DF a 1 b log͑P͒ for all the gases where a and b are constants; DF is below our detection limit for pressures below 10 23 Torr. Similar results to those presented here were also obtained on oxides grown by a variety of other methods [9] . It is interesting 0031-9007͞99͞82(2)͞359(3)$15.00 to note that all work function changes are positive and of similar magnitude with increasing pressure. We can understand the basic features of these results in terms of a simple model starting at the thermodynamic level. According to the Helmholtz equation, the change in contact potential, DF, is proportional to the coverage which we assume is below, but a non-negligible fraction of, a monolayer for all gases studied. At 300 K the pressures used are well below the saturation pressures of these gases and condensation into a multilayer film does not occur. We therefore use the general form of (submonolayer) adsorption isotherms [10] :
where
Here Q int and q int are the single particle partition functions of the adsorbing particles in the gas phase and on the surface, respectively, accounting for the internal degrees of motion, i.e., free (in the gas phase) and hindered (on the surface) rotations and vibrations. For atoms Q int q int 1. q 3 q z q xy is the partition function of the center of mass motion of the adparticle with q z accounting for the vibration of the adparticle perpendicular to the surface (assumed to be harmonic) and q xy accounting for the parallel motion. If the latter is localized, we approximate it by two harmonic vibrations, and if it is mobile we have q xy a s ͞l 2 th with a s is the area of the surface per particle in a monolayer. m lat ͑u, T ͒ is the part of the chemical potential of the adsorbate associated with lateral interactions. If the latter were negligible then m lat 0. For a long range repulsive interaction (of strength V 2 ) a mean field treatment is sufficient as a first approximation and we have m lat ͑c͞2͒V 2 u, where c is the coordination number in the adsorbate.
Taking the logarithm of Eq. (1) we have
We obtain a linear isotherm, as seen in the experiment, if P͞P 0 ø u down to vanishing coverage, because at the lowest pressures DF approaches zero or even changes sign. Thus P 0 must be much larger than the smallest pressure used in the experiment. Taking Ar as an example, we assume localized adsorption with all vibrational frequencies of Ar perpendicular and parallel to the surface to be the same, namely, 5 3 10 12 s 21 . At 300 K q 3 O͑1͒ so that P 0 Ӎ 10 7 exp͑2bV 0 ͒ ͓Torr͔. To obtain a linear isotherm over 4 orders of magnitude in pressure one requires bV 2 Ӎ 2 (for c 4 6) or V 2 Ӎ 50 meV, a value that is consistent with dipolar interactions. The linearity persists for a pressure range 0.1 , P͞P 0 , 10 3 . This implies V 0 Ӎ 400 meV. It is not known whether the gases adsorb on the surface of the oxide or penetrate into pores. If the latter does occur one must account for an effective pressure enhancement in the isotherm, and the estimate for the binding energy, V 0 , could be reduced by as much as a factor of 2 for a pressure enhancement by a factor of 100.
Because the different gases give DF of the same sign and of similar magnitude, the mechanism leading to adsorption must be the same. This excludes covalent bonding because the chemical reactivity of the light rare gases is different from that of molecules. A possible universal bonding mechanism is an electrostatic one in which the adsorbed species become polarized in the field established by the negative charges on the surface. For a single charged surface species of charge Q the interaction is E pol ͑r͒ 2aQ 2 ͞r 4 , where a is the polarizability of the adparticle. The equilibrium adsorption distance, r 0 , is determined by this attractive interaction, electronelectron repulsion, and Pauli exclusion. This distance is approximately the sum of the ionic radius of the surface species and the van der Waals radius of the adparticle. Taking the charge surface species to be O 2 (other species such as OH 2 give similiar results) we calculate that the equilibrium adsorption distance varies from 0.32 nm for He-O 2 to about 0.4 nm for Ar, N 2 , O 2 , and CO. On the other hand, the polarizabilities [11] 
2 and ഠ100 meV for the other gases. The actual value is much higher if one considers interactions with all the other charges on the surface and if one also includes field-induced chemisorption effects [12] . Estimates of such effects, based on quantum-chemical models, indicate that values of 400 meV and larger can be obtained.
These considerations introduce a universal mechanism with the following characteristics: (i) The charged surface creates an electrostatic field of the order of several volts per nanometer; (ii) all the gases used in the experiment have polarizabilities within a factor of 10 of each other; this causes electrostatic binding, enhanced by fieldinduced chemisorption of a magnitude of 1͞2 1 eV as deemed necessary by the isotherm estimates made earlier; (iii) once polarized and adsorbed, these species create a work function change that is of the same sign for all gases; (iv) because all induced dipoles are parallel to each other there is a small repulsive energy, again as required above. The significantly lower values of DF for H 2 and He are most likely due to penetration into the oxide.
To confirm how negative surface charges influence gas adsorption we have used IPE of electrons to increase the negative charge density on the surface [3] . Figure 2 presents PEC measurement sequences for He, H 2 , CO, and O 2 in which an initial PEC was measured on a "virgin" spot in vacuum; 0.1 Torr of gas was introduced after blocking the laser beam. After pressure stabilization the beam was unblocked. A decrease in the PEC can be observed for all gases, followed by a time evolution which is gas dependent. Changes in the PEC signal reflect an induced DF that for oxygen was established to be partially caused by IPE charging of the surface [3] . It can be observed that while the cumulative effect is indeed significantly larger for oxygen than for the other gases (and has a time dependence similar to that observed for electricfield-induced second harmonic generation) [3] , the initial decrease is not very different for the various gases. This cumulative effect is related to the formation of O 2 2 on the surface [5] . Part of the induced DF is due to gas adsorption effects alone. However, when the experiments related to Fig. 1 diameter spot on the surface 1-3 mm away from the KP after the steady state work function is achieved, DF increases, consistent with charged species migration from the illuminated spot to the KP region. This confirms the role of IPE in providing additional surface charging and enhanced adsorption, and also that the initial surface charge is negative. Note that in vacuum (P , 10 27 Torr) no illumination induced DF was measured. This indicates that the gas-electron transient trapping is a mutual effect.
In conclusion we have shown that electrostatic effects involving bound negative charge at an oxidized silicon surface lead to a universal mechanism for gas adsorption. Photoinduced surface charging is observed to enhance this adsorption. Conversely, the presence of gases enhances surface charging due to such electrons. These adsorption effects manifest themselves as significant changes to the work function above pressures of approximately 10 23 Torr. Similar effects to those reported here have been observed by us on other oxidized silicon surfaces grown by different methods. A simple model has been developed which gives the salient features of this mechanism in terms of simple thermodynamic arguments and a monopole-dipole charge-gas coupling.
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